The simple perrhenate salt [NĲhexyl) 4 ]ĳ(ReO 4 )] acts as a catalyst for the reduction of organic carbonyls and carbon dioxide by primary and secondary hydrosilanes. In the case of CO 2 , this results in the formation of methanol equivalents via silylformate and silylacetal intermediates. Furthermore, the addition of alkylamines to the reaction mixture favours catalytic amine N-methylation over methanol production under certain conditions. DFT analysis of the mechanism of CO 2 reduction shows that the perrhenate anion activates the silylhydride forming a hypervalent silicate transition state such that the CO 2 can directly cleave a Si-H bond.
Introduction
The hydrosilylation of CO 2 to silylformates and silylethers is an attractive route for CO 2 utilisation as, unlike hydrogenation, this reaction is exergonic due to the comparative ease of Si-H bond activation and the strength of the Si-O bond, and the availability of relatively inexpensive and environmentally benign hydrosilanes. [1] [2] [3] A variety of catalysts have been discovered and developed for this reaction, including complexes of Co, 4 Cu, [5] [6] [7] [8] Ir, [9] [10] [11] [12] [13] [14] Ni, [15] [16] [17] Pd/Pt, 18 Rh, 19 Ru, [20] [21] [22] [23] [24] [25] Sc, 26 Zn, [27] [28] [29] and Zr, 30 frustrated Lewis pairs, [31] [32] [33] [34] [35] [36] organocatalysts, [37] [38] [39] [40] [41] [42] alkali metal carbonates, 43 and even polar solvents such as DMF. 38 These reactions result in various reduction products including silyl-formates, -acetals, andethers, CO, and methane. This reactivity has been further exploited in a 'diagonal' approach to CO 2 reduction/ functionalisation, for example in the use of CO 2 as the C1 source for amine N-methylation. 3, 37, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] High oxidation state transition metal oxo complexes 55 have been studied in CO 2 reduction chemistry and have been shown to react to form metal carbonates where, in the case of molybdate, the resulting carbonate undergoes hydrosilylation to formate and silylated molybdate, albeit stoichiometrically. [56] [57] [58] [59] Furthermore, rheniumĲV) mono and dioxo complexes act as catalysts for the hydrosilylation of organic carbonyls, [60] [61] [62] [63] [64] [65] but this activity is not generally seen for the parent perrhenate, ReO 4
−
. Significantly, metal oxo complexes have the potential to overcome the oxygen and moisture sensitivity issues from which many current CO 2 hydrosilylation catalysts suffer. It was shown previously that the pyridinium perrhenate salt [4,6-Bu t 2 C 5 H 2 NH-2-CH{(CO)NHĲC 6 H 13 )} 2 ]ĳReO 4 ] 1 acts as a catalyst for the epoxidation of alkenes by hydrogen peroxide under biphasic conditions. 66 Important to this chemistry is the formation of a lipophilic ion pair in which electrostatic and hydrogen-bonding interactions are enhanced in the hydrophobic phase. This catalyst has the advantages of ease of synthesis and manipulation and lack of air-sensitivity, and the recovery of the precious metal is driven by straightforward reverse phase-transfer. Given the efficacy of this new catalyst system and the use of high oxidation state rhenium oxo complexes in reduction catalysis, it is shown here that perrhenate can act as a catalyst for the reduction of carbon dioxide to methanol equivalents by hydrosilanes, that the methylation of alkylamines using CO 2 as the C 1 source occurs under similar catalytic conditions, and that this method can be used to reduce aldehydes and ketones to silylalcohols.
Results and discussion

Reduction of carbon dioxide
Initially, the reaction between CO 2 (2.5 bar), PhSiH 3 (2.0 mmol), and pyridinium perrhenate 1 (2.0 mol%) at 80°C in C 6 Further solvent screening found the catalysis to be accelerated in pyridine, with complete hydrosilane consumption observed after 1.5 h (Table 1, entry 9). Using d 7 -DMF accelerates the reaction further, with complete hydrosilane depletion after 1 h and an increase in selectivity towards methanol formation compared to the reaction carried out in pyridine (Table 1, entries 10 and 11). Significantly however, reactions in DMF suffer from competitive solvent reduction by hydrosilane to (CD 3 ) 2 NCDH 2 , consuming ca. 10% of the hydrosilane in this process (Fig. S21 †) . The variation of solvent relates to an increase in turnover frequencies (TOFs), determined from the time taken to consume the hydrosilane at 80°C, of 3.3 h −1 for C 6 D 6 to 40 h −1 for d 7 -DMF. The increase in rate is, in part, due to the increased solubility of CO 2 in the more polar solvent; indeed, a reaction carried out in CD 3 CN under 2 bar of CO 2 shows complete hydrosilane depletion within 1.5 h (Fig. S22 †) . background reaction is very slow, taking 144 h to consume the Ph 2 SiH 2 at 300 K compared with 10 h when using perrhenate (Fig. S30 †) . A series of stoichiometric reactions were undertaken to probe the catalytic mechanism. It was first thought that the mechanism may follow a similar route to the molybdate dianion which reacts initially with CO 2 to form the carbonate complex MoĲCO 3 )O 3 2− ; 56 however, no reaction of 2 with 13 CO 2 in the absence of hydrosilane is seen, even after prolonged heating at 80°C (Fig. S31 †) , thus ruling out initial carbonate formation in this catalytic cycle. Also, no intermediates are seen in stoichiometric reactions of 2 with varying equivalents of hydrosilane in the absence of CO 2 . It is of note, however, that upon extended heating (>16 h at 80°C) decomposition of 2 occurs to form trihexylamine, siloxanes and a brown precipitate containing rhenium oxide clusters (Fig. S32-S34 †) . In light of these experiments, the mechanism of this reaction was evaluated computationally.
DFT modelling of the catalytic mechanism
To explain how the carbon dioxide reacts with the hydrosilane and the perrhenate catalyst, three different principle pathways have been elucidated (Scheme 2).
Two pathways include activation of the H-Si bond of the relevant hydrosilane by either a [3 + 2] ). This adduct can be seen as a starting point of activating the next Si-H bond by a second CO 2 . In principle, CO 2 can also undergo a cycloaddition to silyl perrhenate intermediates, but the barriers are higher in all pathways. Calculations incorporating a solvent continuum were carried out, with neither benzene nor DMF models significantly altering the preferred mechanism or its energies (see ESI †). Furthermore, alternative mechanisms involving the cycloaddition of CO 2 to a rhenium silicate intermediate were explored, but were found to have higher energy barriers than the route described above (see ESI †).
N-Methylation of amines using carbon dioxide
The observation that silylformates are formed during the catalytic reaction and their implication as intermediates in the N-methylation of amines using CO 2 led us to assess the use of 2 to catalyse this latter reaction. Accordingly, the reaction between CO 2 , HN The scope of the amine substrate was evaluated, revealing that several aliphatic amines are N-methylated, including isopropylamine (to form Me 2 N i Pr), piperidine, pyrrolidine and morpholine (Table 2, entries 2-5). The N-methylation of aromatic primary or secondary amines at this temperature does not occur (Table 2 , entries 6 and 7), and instead the hydrosilane is consumed in competitive CO 2 reduction. However, lowering the temperature of reaction negates the further reduction of silylformate by hydrosilane to favour reaction with This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
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the poorly nucleophilic N-methylaniline and, after 100 h at 20°C , its conversion to N,N-dimethylaniline was seen in 40% yield. Interestingly, the major product of this reaction is the aminal CH 2 ĲNMePh) 2 in 60% yield, seen by its characteristic resonances at 2.86 and 4.78 ppm in the 1 H NMR spectrum (Fig. S41 †) . Similar aminal formation from CO 2 has been seen previously in organocatalysed or Ru-catalysed reactions. 47, 54 As the aminal can be prepared by the condensation reaction of N-methylaniline and formaldehyde, its formation in this catalysed reaction is likely a result of transient formaldehyde production which can arise from the decomposition of CH 2 ĲOSiH 2 Ph) 2 .
71
It was reported recently that selective formylation of amines is possible using hydrosilanes and CO 2 in polar solvents such as DMF and DMSO. 72 In contrast, it was found that the simple aliphatic amine HN i Pr 2 underwent N-methylation in DMF at room temperature in the absence of 2, and subsequent in situ monitoring of this reaction by 1 H NMR spectroscopy found the initial rates essentially identical for the catalysed and uncatalysed reaction (Fig. S40 †) . Reactions in DMF for the other amine substrates are also selective towards N-formylation, which was possible in the absence of 2; however, to achieve N-methylation catalyst 2 was required.
Reduction of aldehydes and ketones
Following on from the success of the CO 2 reduction, attention was turned to CO reduction for a variety of carbonyl containing substrates. [73] [74] [75] An initial trial NMR reaction with benzaldehyde was carried out using the standard reaction conditions of 1.2 eq. of PhSiH 3 , 0.5 mL of CD 3 CN and 2.5 mol% of 2 at 80°C. After 1 h, the 1 H NMR spectrum showed near complete consumption of the aldehyde through loss of the characteristic CHO resonance at 10.01 ppm and formation of approximately a 50 : 50 mixture of PhSiĲH)ĲOCH 2 Ph) 2 and PhSiĲOCH 2 Ph) 3 ; subsequent heating for a further 30 minutes to ensure full consumption of benzaldehyde resulted in no change to the product distribution. Simple hydrolysis through the addition of a small excess of water resulted in full conversion to the benzylalcohol product with concomitant formation of siloxanes (Fig. S42 †) . Following the same reaction protocol the substrate scope was expanded to other substituted arylaldehydes and alkylaldehydes ( Table 3 ). The arylaldehyde substrates provided efficient turnover to the corresponding benzylalcohol product upon quenching with water. Aryl substituents containing electron-withdrawing groups (Table 3 , entry 2 and 5) proceed with higher TOFs compared to their electron-donating counterparts (Table 3 , entry 3 and 4), in line with previous reports of rhenium catalysed hydrosilylation reactions of aldehydes. 76 In contrast the alkylaldehydes containing more sterically demanding substituents require twice the reaction time in comparison with the linear butyl chain derivatives. Further extension of this perrhenate hydrosilylation catalysis examined the reduction of ketones ( Expanding the scope of this ketone reduction to include substituted acetophenones follows the same trend as observed with the benzaldehyde derivatives. In this case, however, prolonged reaction times are required for the electrondonating substituents, taking 40 h for only 50% consumption (Table 4 , entries 2 and 4 vs. 3 and 5).
Reduction of benzophenone to the corresponding alcohol proceeds efficiently, and again the use of a more sterically demanding alkyl ketone requires prolonged reaction times. Interestingly, a small amount of H/D exchange was seen to take place during extended heating. Hydrogen formation occurs during the initial stages of the reaction where some of the hydrosilane is initially consumed in the reduction of trace water to form H 2 and siloxanes and, in the case of the acetophenone, HD is seen in the 1 H NMR spectrum as a char- An aqueous solution of ammonium perrhenate (1.26 g, 4.7 mmol) was added to a chloroform solution of tetrahexylammonium bromide (2.00 g, 4.6 mmol) and stirred together for 6 hours at room temperature after which the two layers were separated and the aqueous layer extracted with chloroform (2 × 10 mL). The combined chloroform extracts were dried over magnesium sulphate and the solvent removed under reduced pressure to provide a colourless solid of tetrahexylammonium perrhenate (2.10 g, 75% yield). 
Computational details
All calculations have been performed with the software Gaussian09. 77 The hybrid density functional B3LYP [78] [79] [80] [81] has been used together with dispersion correction GD3BJ 82 and the triple zeta basis set 6-311++G** 83, 84 for all elements except Re. The Re atoms are described with the Stuttgart-Dresden-ECP. 85 The energies reported are free energies in gasphase or for the solvents benzene and DMF with SMD solvent calculations at 298.15 K. 86 
Conclusions
We have shown that the simple, lipophilic perrhenate salt [NĲhexyl) 4 ]ĳReO 4 ] 2 acts as a catalyst for the reduction of CO 2 by hydrosilanes. This is the first time that perrhenate has acted as a catalyst for CO 2 reduction, and is likely facilitated by dissolution of the lipophilic assembly into a hydrophobic, organic solvent. The calculated mechanism shows that direct attack of CO 2 on a Si-H bond of a perrhenate hypervalent silicate occurs instead of alternative mechanisms through rhenium hydride formation. Furthermore, the observation that N-methylation of amines using CO 2 and organic carbonyl reduction can also be undertaken using a perrhenate catalyst expands considerably the scope of this chemistry. The ease of transfer of perrhenate from an organic phase back into an aqueous phase by the addition of base (e.g. NaOH) should lead to straightforward rhenium recycling, an essential step if this precious metal is to be further exploited in catalytic chemistry.
